Manihot carthaginensis subsp. glaziovii (Müll.Arg.) Allem., a wild relative of cassava, native to Brazil, is one of the popular agroforestry trees used for hedges and/or boundary plants surrounding homesteads and farms and also harbours cassava mosaic begomoviruses (CMBs) and cassava brown streak ipomoviruses. Sequences of the DNA-A component of East African cassava mosaic virus (EACMV) isolates from M. carthaginensis subsp. glaziovii (Müll.Arg.) Allem., collected from non-cassava growing areas of Tanzania were characterized. Thirteen full length DNA-A sequences were analysed together with 15 already reported EACMV sequences and six CMB species reference genomes. The results show 96 to 100% nucleotide sequence identity with EACMV isolates from Kenya. Phylogenetic analysis revealed that EACMV isolates from M. carthaginensis subsp. glaziovii (Müll.Arg.) Allem, belong to a single cassava mosaic begomovirus species. The EACMV monophyletic clade is distinct from all other CMB species. The presence of Cassava infecting begomoviruses in wild cassava relative growing from traditionally non cassava growing region serve as inoculum sources for cassava-infecting begomoviruses and therefore their eradication is key in the sustainable management of CMBs, especially in the non-cassava growing areas.
INTRODUCTION
Manihot carthaginensis subsp. glaziovii (Müll.Arg.) Allem., commonly called "tree cassava plays a crucial role in cassava improvement programs as the source of disease resistance, particularly for cassava mosaic disease (CMD) and cassava brown streak disease (CBSD) (Nichols, 1947) . In traditional cassava growing areas, it provides *Corresponding author: E-mail: fredtairo@gmail.com.
Author(s) agree that this article remains permanently open access under the terms of the Creative Commons Attribution License 4.0 International License cheap source vegetable while in non-cassava producing areas, it is one of the popular agroforestry trees used for hedge/or boundary plants surrounding homesteads and farms; it is also used in small quantities for animal fodder. However, despite its crucial roles, it is also responsible for the perpetuation of CMD and CBSD in traditional cassava growing areas and non-growing areas.
Several studies on the epidemiology of CMD have established a potential role of non-cassava plant species as alternate reservoir in perpetuation of CMBs (Alabi et al., 2008) . However, these studies have revealed occurrence of at least three CMBs species in wild relative and weed plants, and each study focused primarily on traditional cassava growing areas. In Nigeria, both African cassava mosaic virus (ACMV) and East African cassava mosaic virus (EACMV) were reported in M. carthaginensis subsp. glaziovii (Müll.Arg.) Allem., and leguminous plants and in Leucaena leucocepohala (Alabi et al., 2008) . But most of these studies have concentrated on traditional cassava growing areas where the interaction of cassava and its wild relatives and/or weeds is common. While some information is available on the natural occurrence of EACMV (Ogbe et al., 2006) in Manihot spp., little is known about the occurrence of cassava mosaic like symptoms in M. carthaginensis subsp. glaziovii (Müll.Arg.) Allem., in the traditional noncassava growing areas.
Kilimanjaro region in northern Tanzania is a traditional non cassava growing region, where M. carthaginensis subsp. glaziovii (Müll.Arg.) Allem., is a popular agroforestry tree used as a hedge/or border plantsurrounding banana and coffee fields. Significant part of the region is in lower land with favourable climate for commercial cassava production. Thus, understanding the status of CMD and the diversity of associated viruses is worth studying in order to devise a sustainable measure to eradicate the inoculum and a measure for the CMD sources. In this study, a total of 13 CMB DNA-A sequences from M. carthaginensis subsp. glaziovii (Müll.Arg.) Allem., sampled from non-cassava growing farmer fields in Kilimanjaro, Tanzania were characterized to investigate their identity and diversity in relation to corresponding DNA-A sequences.
MATERIALS AND METHODS
M. carthaginensis subsp. glaziovii (Müll.Arg.) Allem., leaf samples displaying cassava mosaic like symptoms ranging from mild chlorotic mosaic to severely distorted leaf and filform ( Figure 2 ) were collected in 3 districts: Moshi rural, Rombo and Siha ( Figure  1 ). Total DNA was extracted from leaves stored in a silica gel as described (Alabi et al., 2008 ) and used as a template for rollingcircle amplification (RCA) of complete begomovirus genomes as per Illustra TempliPhi amplification kit (GE Healthcare Life Sciences, UK). The RCA products were first PCR-amplified using begomovirus universal primer pair EBB555F /R1 (Fondong et al., 2000) to see if they contain any begomovirus infection, and subsequently used to construct Illumina libraries and sequenced at North Carolina State Genomic Sciences Laboratory (Raleigh, NC, USA) by next generation sequencing.
Raw reads for each sample were assembled using de novo assembly tool on CLC Genomics Workbench, mapped and aligned using reference sequences obtained from GenBank (Table 1 and Figure 3 ) representing full length DNA-A component of cassava begomoviruses under the following conditions: minimum overlap (10%), minimum overlap identity (80%), allow gaps (10%) and fine tuning set to iterate up to 10 times.
Nucleotide sequence identities were computed using sequence demarcation tool (SDT) version 1.2 (Muhire et al., 2014) . The identity scores were calculated as 1-(M/N) where M is the number of mismatching nucleotides and N the total number of positions along the alignment at which neither sequence has a gap (Muhire et al., 2014) . Multiple sequence alignments of the full length DNA-A component determined from M. carthaginensis subsp. glaziovii (Müll.Arg.) Allem., were generated using the Clustal W alignment function in Mega 7 (Kumar et al., 2016) and edited visually. Same MEGA 7 was used to construct maximum-likelihood (ML) phylogenetic trees. Initial trees for the heuristic search were obtained automatically by applying Neighbor-Joining algorithm (Tamura et al., 2004 ) to a matrix of pairwise distances estimated using the maximum composite likelihood approach, and then selecting the topology with superior log likelihood value (Kumar et al., 2016) . All positions containing gaps and missing data were eliminated. Evolutionary analyses were conducted in MEGA7 (Kumar et al., 2016) . The General Time Reversible (GTR) nucleotide substitution model was used (selected as the most appropriate by ML). The stability of the inferred branches was estimated by bootstrapping with 1000 replicates.
RESULTS AND DISCUSSION
PCR screening using begomovirus universal primer pair (Fondong et al., 2000) amplified expected fragments of 552 bp both in symptomatic and non-symptomatic samples indicating they were singly infected with begomovirus species. The next generation sequencing reads of 38 samples produced a pired sequences data of 7,247,392.00 million reads. After trimming for non-viral sequences 7,151,881 million reads remained and were assembled de novo to a total of 40 contigs. Subsequent Blast search of the assembled contigs identified 23 contigs ranging from 201 to 620 nt in length with average of 411 nt with respect to reference sequences in the GenBank from which 13 full length sequences (2,800 nts) corresponding to DNA A were obtained. The resulting nucleotide sequences were deposited in GenBank under accession numbers MF067253-MF067265 (Table 1) .
Pairwise comparison of full-length sequences of DNA-A molecules with available sequences in GenBank suggested all the sequences are related to EACMV Kenyan isolates (Figure 3) . The DNA-A sequences were the most similar (97 to 100% nt sequences identity) to EACMV-Kenyan isolates as compared to DNA-B with 92 to 100% nt sequence identity. Based on begomovirus thresholds for species demarcation (Brown et al., 2015) , a phylogenetic tree based on the DNA-A component sequences demonstrated a close genetic relationship among EACMV isolated from M. carthaginensis subsp. glaziovii (Müll.Arg.) Allem., in this study with EACMV Kenyan isolates (Figure 3) .
A phylogenetic tree constructed using all 13 DNA-A full length sequences and those available in the GenBank revealed at least two major clusters, with the second cluster having at least four monophyletic clades ( Figure  3 ). This result suggests that although all the EACMV isolates from M. carthaginensis subsp. glaziovii (Müll.Arg.) Allem. in this study clustered in at least four different clades, there is a still high level of similarity with nucleotide sequence identity between clades, with high similarity in the nucleotide sequence identity of 98 and 99%.. Search for any evidence of recombination among the sequences of full length DNA-A components isolated in this study using RDP4 analysis revealed no evidence of any recombination event.
CMD is a serious problem in SSA, especially in a traditional cassava growing regions, where CMD inoculums and whitefly (Bemisia tabaci) vector populations appear to be high throughout the year. Identification of EACMV in M. carthaginensis subsp. glaziovii (Müll.Arg.) Allem. in three districts in the slope of Mt. Kilimanjaro around 1,573 m above sea level in Tanzania shows CMB inoculum is already present in the region ahead of cassava cultivation. Thus, earlier reports on the factors influencing perpetuation of CMD were confirmed (De Bruyn et al., 2016) . Analysis of nucleotide sequences of full length DNA-A and absence of recombination among the determined sequences showed that only one species of CMB is restricted within the surveyed districts with possible introduction from the nearby country (Figures 1 Figure 2 . A, M. carthaginensis subsp. glaziovii (Müll.Arg.) Allem., growing in homesteads as shade trees. B, leaves with CMD-like symptoms. C and E, border surrounding a banana field. D, healthy plant along the road. Brown et al. (2015) . and 3), and continues to spread through use of infected cuttings. Since M. carthaginensis subsp. glaziovii (Müll.Arg.) Allem. in Kilimanjaro region is an important agroforestry tree, there is a need to creat awareness on its role in introducing and spreading cassava mosaic begomoviruses and cassava brown streak viruses. There is no doubt that continuous use of virus-infected M. carthaginensis subsp. glaziovii (Müll.Arg.) Allem., as hedge/or border plants guarantees the most efficient virus inoculum reservoir for introduction of CMD into cassava once introduced in the region. The findings form the basis for strategic management and possible eradication of the CMD-affected plants of M. carthaginensis subsp. glaziovii (Müll.Arg.) Allem., as inoculum sources. This may be achieved through conducting aggressive awareness campaigns to educate farmers on CMD epidemiology coupled with eradication of all plants with CMD-like symptoms to limit further spread of CMD. It is therefore recommended that, given availability of resources, cassava viral disease surveillance should not be limited to traditionally cassava growing regions only.
